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ABSTRACT
In a previous work, Hoang and Tram discovered a new mechanism for destruction of nanoparticles
due to suprathermal rotation of grains in stationary C-shocks, which is termed rotational disruption.
In this paper, we extend our previous study for non-stationary shocks driven by outflows and young
supernovae remnants that have dynamical ages shorter than the time required to establish a sta-
tionary C-shock, which is composed of a C-shock and a J-shock tail (referred as CJ-shock). For the
C-shock component, we find that smallest nanoparticles (size . 1 nm) of weak materials (i.e., tensile
strength Smax . 109 erg cm−3) can be rotationally disrupted due to suprathermal rotation induced by
supersonic neutral drift. For the J-shock component, although nanoparticles are rotating thermally,
the smallest ones can still be disrupted because the gas is heated to higher temperatures by J-shocks.
We then model microwave emission from rapidly spinning nanoparticles where the grain size distribu-
tion has the lower cutoff determined by rotational disruption for the different shock models. We also
calculate the spectral flux of microwave emission from a shocked region at distance of 100 pc from
the observer for the different gas density, shock age, and shock velocities. We suggest that microwave
emission from spinning dust can be used to trace nanoparticles and shock velocities in dense molecular
outflows. Finally, we discuss a new way that can release molecules from the nanoparticle surface into
the gas in the shocked regions, which we name rotational desorption.
Keywords: ISM: dust, extinction-molecular cloud-shocks
1. INTRODUCTION
Very small dust grains, whose size is below 10 nm
(hereafter referred to as nanoparticles), including Poly-
cyclic Aromatic Hydrocarbons (PAHs), play an impor-
tant role in the evolution of the interstellar medium
(ISM). Weingartner & Draine (2001) and Akimkin et al.
(2013) demonstrated that nanoparticles can control the
heating process of gas, while other studies (e.g., Mestel &
Spitzer 1956, Zhao et al. 2016) found that nanoparticles
can influence the dynamics of molecular clouds and star
formation due to their dominant charge carrier in dense
and low ionization molecular clouds.
PAHs and nanoparticles are expected to be abundant
in shocked regions due to shattering of large grains via
grain-grain collisions (e.g., Tielens et al. 1994; Jones et al.
1994). Nevertheless, most of observations show the lack
of strong PAH emission features in supernova remnants
(Smith et al. 2009) and outflows of massive young stel-
lar objects (YSOs) (Smith et al. 2006) where shocks are
present. It suggests that PAHs/nanoparticles are per-
haps efficiently destroyed in the shocked regions.
For stationary magnetized shock models (Flower &
Pineau des Foreˆts 2015), Hoang & Tram (2019) found
that the supersonic drift of charged nanoparticles rel-
ative to neutrals can rapidly spin nanoparticles up to
suprathermal rotation. As a result, smallest nanoparti-
cles (a . 1 nm) can be disrupted into tiny fragments
when the centrifugal stress induced by grain rotation ex-
ceeds the maximum tensile strength of the grain mate-
rial. This mechanism is found to be the most efficient in
destroying nanoparticles in C-shocks compared to previ-
ously known mechanisms such as thermal sputtering and
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2grain shattering (see Hoang & Tram 2019 for details).
In the case of shocks driven by outflows from (YSOs)
and young supernova remnants (SNRs), shocks cannot
reach the steady stage because the required timescale is
longer than the dynamical age of outflows and SNRs.
For instance, the dynamical age of the BHR 71 bipo-
lar outflow is ∼ 4000 yr (Gusdorf et al. 2015), of the
blue lobe of the L1157 outflow is ∼ 3000 yr (Gueth et al.
1998), of SNR N132D is ∼ 2500 yr (Tappe et al. 2006) or
SNR IC443 is ∼ 4000 yr (Troja et al. 2008), while it re-
quires∼ 104 yr for the C-shock to reache the steady state.
Therefore, it is necessary to account for non-stationary
shocks (e.g., Flower et al. 2003; Giannini et al. 2004,
2006; Gusdorf et al. 2008b, 2015).
Chieze et al. (1998) and Lesaffre et al. (2004a,b) dis-
covered that non-stationary shocks are composed of a
magnetic precursor and a J-type tail, so-called CJ-shock
(see Section 2). The key difference of the J-shock from
the C-shock stage is that the gas can be heated to higher
temperatures, resulting in an enhanced rotation rate of
nanoparticles compared to the C-shock stage in the ab-
sence of supersonic drift. As a result, we expect that ro-
tational disruption is also efficient in J-shock tails even
without supersonic neutral drift. The goal of this pa-
per is to quantify the efficiency of rotational disruption
and model microwave emission from spinning dust for
CJ-shocks.
The paper is structured as follows. In Section 2, We
describe the profiles of gas temperature, velocities of neu-
tral, ion, and charged nanoparticles in CJ-type shock
model, which are specially computed in dense magne-
tized clouds conditions. Section 3 is a brief description of
the rotational dynamics of dust grains in CJ-shocks. The
mechanism of rotational disruption, and therefore the
minimum size of survival nanoparticles through the shock
are presented in Section 4. In Section 5, we calculate
spinning dust emissivity and emission flux from nanopar-
ticles in the CJ-shock regions. In Section 6, we discuss
the importance of extremely fast rotating nanoparticles
on grain surface chemistry, and potential application for
probing nanoparticles in shocks, as well as shock tracing.
Section 7 summarizes our main findings.
2. STRUCTURES OF NON-STATIONARY SHOCKS
2.1. C-shock, J-shock and CJ-shock
The existence of magnetic fields and the ionization
fraction affect the shock structure. When the magnetic
field is weak or the ionization fraction is large, the shocks
behave like hydrodynamic one since all of its neutral
and charged particle components have the same veloc-
ity, including an extra contribution of the magnetic pres-
sure. Because shocks are faster than the signal speed
(e.g., sound speed) in the pre-shock medium, the signal
speed thus can not ”feel” the shock wave before it ar-
rives. The shock properties (e.g., temperature, velocity,
density) then abruptly vary as a viscous discontinuity
jump (the so-called J-type shock) across the shock front.
When the magnetic field is significant, it interacts di-
rectly with the charged component and slows it down,
which makes the neutral and charged components have
different velocities (vn > vi). If the ionization fraction
is small, the speed of magnetosonic waves of the charged
component vm is greater than the entrance shock speed.
This forms a magnetic precursor upstream of the discon-
tinuity, in which the charged and neutral fluids dynami-
cally decouple. Thus, the neutral fluid is heated up and
accelerated due to the consequent friction between the
two fluids. The precursor size increases with increasing
the magnetic field intensity, and hence the neutrals are
compressed sooner before the arrival of the shock front.
Eventually, the discontinuity disappears, and the shock
properties now change continuously (the so-called C-type
shock). In this case, the kinetic energy dissipates much
more gradually because of the friction between the neu-
tral and charged components, and the C-shock volume is
therefore much larger.
For young C-type shocks (at early age), the shock is
actually composed of a magnetic precursor and a J-type
tail Chieze et al. (1998) (the so-called time-dependent
CJ-type shock). Lesaffre et al. (2004b) indicated that
in the large compression case, which is appropriate in
dense media, the J-type front in the young C-type shock
is inserted when the flow time in the charged fluid is
equal to the shock age. The J-type shock ends when the
total neutral flow time across the J-type part reaches the
age of the shock.
2.2. CJ-Shock structures and physical parameters
As in our previous work, we model non-stationary
shock structure with different shocked parameters (see
Table 1) using the 1D MHD shock code, namely Paris-
Durham (Flower & Pineau des Foreˆts 2015). Note that
the C-type shock reaches the steady state at a typical
time about t s = 10
6 yr/(nH/10
2 cm−3) for the standard
ISM with the scaled radiation field G0 = 1 (Lesaffre et al.
2004a). So, in order to take into account the effect of
the finite shock age, we consider two different values of
age: 102 yr and 103 yr for nH = 10
4 cm−3, a ten times
shorter for a density of nH = 10
5 cm−3, and hundred
times shorter for a density of nH = 10
6 cm−3. The mag-
netic field strength is evaluated for b = 2 (see Hoang &
Tram 2019 for an explanation of this choice).
Profiles of the gas temperature in non-stationary
shocks are shown in Figures 1 for the different gas den-
sities and shock ages. For a given dynamical age, shocks
in a denser cloud sweep and compress the gas stronger
and earlier than in a less dense cloud, such that the peak
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Table 1: Shock Model Parameters
Parameters Model A Model B Model C
vs(km s
−1) 5− 30 5− 30 5− 30
nH( cm
−3) 104 105 106
age( yr) 102, 103 101, 102 100, 101
Tgas(K) 10 10 10
Td(K) 10 10 10
χ 0.01 0.01 0.01
xH ≡ n(H+)/nH 0 0 0
xM ≡ n(M+)/nH 10−6 10−6 10−6
xPAH ≡ n(PAH)/nH 10−6 10−6 10−6
y = 2n(H2)/nH 0.999
B(µG) = bn
1/2
H 200 632 2000
Here b=2 is assumed.
temperature of the shocked gas in the former is higher
and increases much sooner than in the latter case. The
shock age also influences the gas temperature. Indeed,
as the shock gets older, the magnetic precursor grows
larger, and the entrance shock speed into the J-shock
front decreases due to ion-neutral collisions. As a result,
the maximum temperature of the J-shock component de-
creases with the shock age. When the age equals to t s,
the J-shock tail disappears, and the shock returns to a
stationary C-shock (see the green dashed-dotted lines on
the right panels).
2.3. Drifting velocities in C-shock component
In the C-shock component, ions and charged grains
are coupled to the magnetic field and move slower than
neutrals, resulting in the drift of neutral gas relative to
charged grains. Figure 2 shows the profiles of neutral
and ions velocities, including the drift velocity vdrift =
|vn − vi|, and the dimensionless drifting parameter sd =
vdrift/vth with vth the gas thermal velocity as functions
of distance (z) for the different gas density, assuming a
shock velocity v s = 30 km s
−1. In this component, vdrift
exists and reaches the maximum value at the middle of
its part. The corresponding value of sd increases rapidly
with z and then declines when the gas is heated to high
temperatures. In the J-shock component, on the other
hand, the drifting velocity is vanished because grains and
neutrals move at the same velocity. For the same shock
velocity and age, the shock length decreases with increas-
ing the gas density as a result of faster radiative cooling.
Figure 3 shows the results for a younger shock age.
The apparent difference is that the dimensionless drifting
parameter sd is vanished much sooner because the J-
shock part occurs earlier and dominates over the C-shock
component. The shock length is also narrower due to the
fast radiative cooling of J-shocks.
3. ROTATIONAL DYNAMICS OF DUST GRAINS IN
NON-STATIONARY SHOCKS
3.1. Rotational temperature and rate
In shock regions, rotational dynamics of nanoparticles
is controlled by collisions with gas atoms and molecules,
supersonic neutral drift relative to charged grains, bom-
bardment of ions, long-distant interaction with passing
ions, and photon absorption and re-emission (see e.g.,
Hoang & Tram 2019). The rotational temperature of
spinning nanoparticles is given by (Draine & Lazarian
1998):
Trot
Tgas
=
G
F
2
1 + [1 + (G/F 2)(20τH/3τed)]1/2
, (1)
where τH and τed are the characteristic damping times
due to gas collisions and electric dipole emission, which
are respectively defined as:
τH ' 0.067a−7
(
Tgas
1000 K
)−1/2 ( nH
105cm−3
)−1
yr, (2)
τed' 225
[
a7−7
3.8× (β/0.4D)
](
Tgas
1000 K
)−1
yr, (3)
where a−7 = a/(10−7 cm) and µ is the dipole moment,
β the dipole moment per structure of grain, and G and
F are the dimensionless coefficients which describe the
total rotational excitation and damping, respectively.
The rotational damping and excitation of grains can
arise from various processes, including collisions with
neutral atoms, ions, distant interaction with ions (plasma
drag), and infrared emission. Thus, the coefficients are
denoted by Fj , Gj for j = n, ion, p, IR (see Hoang &
Tram 2019).
For the neutral-grain interaction, the damping and ex-
citation coefficients Gn and Fn depend on thermal mo-
tion as well as drift motion of neutrals with respect to
the grain, which depends on the grain charge state that
fluctuates over time in the shock. As in Hoang & Tram
2019, we assume that dust grains in the shock can be
statistically described by two populations of neutral and
charged grains. The former population only interacts
thermally with the neutrals, while the later population
experience both thermal and drift motion (see Section
6.6 for an extended discussion). Therefore, the average
coefficients are given by
Fn = Fn,sd=0fZ(Z = 0) +
∑
Z 6=0
Fn,sd6=0fZ(Z), (4)
Gn= Gn,sd=0fZ(Z = 0) +
∑
Z 6=0
Gn,sd 6=0fZ(Z). (5)
The first terms of the coefficients are calculated for sev-
eral processes as in Draine & Lazarian (1998), while the
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Figure 1: Profiles of gas temperature for nH = 10
4 cm−3, nH = 105 cm−3, and nH = 106 cm−3. Left panels: computed
with three different shock velocities (shock age fixed). Right panels: computed with three different shock ages (shock
velocity fixed). The maximum gas temperatures increases with vs and decreases with age.
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Figure 2: Profiles of neutral velocity (vn), ion and
charged grains velocity (vi), and their relative velocity
(vdrift) in the different CJ-shock models. Dashed line
is the corresponding dimensionless drifting parameter
sd = vdrift/vth, where vth is the thermal gas velocity.
second term is the additional effect due to the neutral
drift in shocks (see Hoang & Tram 2019 for more de-
tails). For our calculations, we assume that the evapo-
ration temperature of stuck atoms from the grain sur-
face is equal to the gas temperature (i.e., Tev = Tgas).
This choice is valid for dense regions of low radiation
intensity where all active sites on the grain surface are
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Figure 3: Same as Figure 2 but for a younger shock age.
The J-shock component dominates.
quickly occupied by impinging atoms and molecules such
that subsequent incoming species just bounce back upon
collisions (see e.g., Ali-Ha¨ımoud et al. 2009).
Figure 4 shows an example of the rotational excitation
and damping coefficients in the C-shock component of
the CJ-shock, in which the supersonic drifting is sd ' 5.
As expected, the excitation and rotational damping by
neutral-grain drift, denoted by Gsd and Fsd are domi-
nant. Obviously, Fsd and Gsd increase with increasing
of the grain size due to the increase of the fraction of
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Figure 4: Damping and excitation coefficients from var-
ious interaction processes in the CJ-shock of nH =
104 cm−3, age = 103 yr and vs = 30 km s−1 computed
at location z = 1015 cm (C-shock part). Collisional ex-
citation (Gsd) and damping (Fsd) by supersonic neutral
drift is dominant.
the negative charge states of grains (see Fig. 4 in Hoang
& Tram 2019). The contribution from plasma drag, ion
collisions, and IR emission is negligible. In this case, the
dominance of the excitation by neutral-grain drift leads
to suprathermal rotation of nanoparticles. On the other
hand, Figure 5 shows the excitation and damping co-
efficients in the J-shock component of the CJ-shock, in
which the neutral-grain drift is vanished. Therefore, ro-
tational excitation and damping of grains are completely
influenced by collisions with thermal gas.
Figure 6 shows the rotational temperature of spinning
nanoparticles normalized to the gas temperature as a
function of the grain size at four different locations in
the shock. In the C-shock component, nanoparticles ro-
tate suprathermal velocities due to supersonic drift ve-
locity. The ratio of Trot/Tn increases with the grain size
and saturates dues to the increasing fraction of grains
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Figure 5: Same as Figure 4 but computed at location z =
1.58×1016 cm (J-shock tail). Excitation and damping by
thermal collisions (Gn, Fn) are dominant.
on the negative charge states (Hoang & Tram 2019). In
the J-shock component, on contrary, nanoparticles ro-
tate subthermally due to the dominance of thermal gas
collisions.
The rotational rate of nanoparticles corresponding to
the rotational temperature Trot is:
ωrot
2pi
=
1
2pi
(
3kTrot
I
)1/2
Hz, (6)
where I = 8piρa5/15 is the inertial moment of grain of
size a with ρ the bulk density of grain, and k is the
Boltzmann constant.
3.2. Dynamic and disruption timescales
To understand the efficiency of the grain rotational ex-
citation by stochastic gas bombardment in the shock, we
need to quantify this timescale in term of comparison
with the timescale of grain flow.
The timescale to spin the grain at rest up to an angular
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Figure 6: The variation of Trot/Tn vs. the grain size for
nH = 10
4 cm−3, vs=30 km s−1 and age = 103 yr (top
panel), nH = 10
5 cm−3, vs=30 km s−1 and age = 102 yr
(middle panel), and for nH = 10
6 cm−3, vs=30 km s−1
and age = 101 yr (bottom panel). Suprathermal rota-
tion is observed at the locations of C-part (solid blue
and dashed orange lines), while subthermal rotation is
observed at the location of J-part (dotted red and dashed
dotted green lines).
momentum J is:
τspin−up =
J2
(∆J)2/∆t
, (7)
where (∆J)2/∆t is the increase of grain rotational energy
per unit time. Here one can assume J = IωT , with
ωT = (2kTgas/I)
1/2 the thermal angular velocity.
As mentioned in Section 2, the structure of the CJ-
shock approximates a composition of the C-shock and J-
shock components. In the C-shock component, in which
charged grains move slower than neutrals, the spin-up
time by neutral gas drift is equal to
τCspin−up =
16ρkTgasa
15nHm2Hv
3
drift
= 0.005a−7
(
Tgas
103 K
)( nH
105 cm−3
)−1
×
(
10 km s−1
vdrift
)3
yr. (8)
In the J-shock component, on the other hand, grains
move with the same velocity as gas, the spin-up time
is characterized by thermal collision, which yields:
τJspin−up =
16ρkTgasa
15nHm2Hv
3
th
'0.016a−7
(
Tgas
104 K
)−1/2 ( nH
105 cm−3
)−1
yr.(9)
The dynamical flow time of grains in the C-shock and
J-shock components can be respectively estimated as
τCflow =
LC
vdrift
' 30
(
LC
1015 cm
)(
10 km s−1
vdrift
)
yr, (10)
and
τJflow =
LJ
vgas
' 60
(
LJ
1015 cm
)(
5 km s−1
vgas
)
yr. (11)
where LC and LJ are the widths of C-shock and J-shock
components (see Section 2).
By comparing Equation (8) with (10), one can see
that the spin-up timescale by stochastic gas collisions
is shorter than the time passing the dense C-shock struc-
ture for drift velocity vdrift > 1 km s
−1. Therefore, su-
personic gas flow can rapidly spin up nanoparticles to
suprathermal rotation in the C-shock component.
From Equation (9) and (11) it follows that the spin-
up timescale by thermal collisions is also shorter than
the time passing the J-shock structure for a typical gas
velocity of 5 km s−1. Therefore, thermal gas collisions
can rapidly spin up nanoparticles to thermal rotation in
the J-shock component.
4. ROTATIONAL DISRUPTION MECHANISM
4.1. Rotational disruption
8In this section, we briefly describe the rotational
disruption mechanism of nanoparticles in shocks (look
Hoang & Tram 2019 for details).
In shocks, nanoparticles can be excited to very fast
rotations with the rate given by Equation (6). When
the grain rotation rate becomes sufficiently large such
that the centrifugal stress (S = ρaω2/4) exceeds the
maximum tensile strength of the grain material (Smax),
nanoparticles are disrupted instantaneously. The critical
angular velocity for the disruption is obtained by setting
S ≡ Smax (Hoang et al. 2018c; Hoang et al. 2019):
ωcri
2pi
=
1
pia
(
Smax
ρ
)1/2
Hz. (12)
The exact value of Smax depends on the composi-
tion and internal structure of dust grains, which is un-
fortunately poorly known. Nevertheless, Hoang (2019)
suggested that the tensile strength and internal struc-
ture of dust can be constrained with observations of
grain disruption in strong radiation fields such as near
supernovae. Previously, Burke & Silk (1974) and
Draine & Salpeter (1979) suggested that Smax ∼ 109 −
1010 erg cm−3 for polycrystalline bulk solid. Ideal mate-
rials, such as diamond can have Smax ≥ 1011 erg cm−3,
which is considered strongest material. We will consider
several values of Smax = 10
9 − 1011 erg cm−3, which are
expected for nanoparticles. From now on, nanoparticles
whose Smax & 1010 erg cm−3 are rendered to strong ma-
terials, and whose Smax < 10
10 erg cm−3 are referred to
weak materials.
Comparing Equations (6) and (12), we can derive the
critical rotational temperature required for grain disrup-
tion:
Trot ≥ 1.6× 105a3−7Smax,10 K, (13)
where Smax,10 = Smax/10
10 erg cm−3. It means that to
destroy strong nanoparticles (e.g., Smax = 10
10 erg cm−3)
of a . 0.5 nm, we need the rotational temperature
of Trot ∼ 2 × 104 K. But for weak materials, e.g.,
Smax = 10
9 erg cm−3, the disruption can occur at lower
temperatures of Trot ∼ 2× 103 K.
4.2. Grain disruption size
To obtain the disruption size of nanoparticles by cen-
trifugal stress in the shock, we compute 〈ω2〉1/2 ≡ ωrot
for a range of grain sizes and compare it with ωcri.
Figure 7 illustrates the rotation rate 〈ω2〉1/2 as a func-
tion of the grain size. The intersection between the rota-
tion rate and the critical disruption rate ωcri determines
the critical disruption size of nanoparticles, denoted by
adisr or amin. Larger nanoparticles (a > adisr) can survive
the shock passage, but smaller nanoparticles of a . 2 nm
are disrupted due to its faster rotation. The disruption
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Figure 7: Angular velocity of nanoparticles computed at
several positions in the shock as in Figure 6 in com-
parison with the disruption critical velocity, assuming
the CJ-shocks with nH = 10
4 cm−3, vs=30 km s−1 and
age = 103 yr (top panel), with nH = 10
5 cm−3, vs=30
km s−1 and age = 102 yr (middle panel), and with
nH = 10
6 cm−3, vs=30 km s−1 and age = 101 yr (bot-
tom panel).
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Figure 8: Grain disruption size of PAHs vs. the location in the shock of vs = 30 km s
−1, assuming the different tensile
strengths and nH = 10
4 cm−3 (top panel), nH = 105 cm−3 (middle panel) and nH = 106 cm−3 (bottom panel). For
each gas density, the results for a younger shock are shown in the right hand side. The black vertical solid line is the
J-shock front.
10
is efficient in the C-shock component, which is represen-
tative in blue and orange lines, because of the suprather-
mal rotation of nanoparticles. For example, nanoparti-
cles of a < 0.5 nm with Smax = 10
10 erg cm−3 can be
disrupted (Figure 7, bottom panel). In the J-shock com-
ponent, despite their thermal/subthermal rotation (i.e.,
Trot ≤ Tgas, see Figure 6), nanoparticles can be still dis-
rupted by centrifugal force due to high gas temperatures
of ' 104 K (see Section 2), which is shown by green and
red lines. However, the disruption effect in J-shocks is
much less efficient than in C-shocks. In general, the effi-
ciency of rotational disruption in the CJ-shock actually
depends on the shock density, velocity, and age.
Figure 8 illustrates the grain disruption size amin as a
function of z for the different values of Smax. The ver-
tical black line represents for the location of the J-shock
front. We see the same effect as reported in Hoang &
Tram (2019) that strong nanoparticles can survive the
shock passage (red dotted line), while weak nanoparti-
cles can be destroyed (other colored lines). The disrup-
tion size increases for weaker materials (see blue, orange
and green dotted lines). The apparent difference from
Hoang & Tram (2019) is the existence of the disruption
by thermal collisions in the J-shock component. The dis-
ruption mechanism is stronger in younger shocks (Figure
8, right panel) because the J-shock component dominates
and induces higher gas temperature in this case (see Sec-
tion 2).
5. SPINNING DUST EMISSION FROM
NANOPARTICLES IN NON-STATIONARY
SHOCKS
Rapidly spinning nanoparticles that own permanent
electric dipole moment is known to emit electric dipole
radiation at microwave frequencies (Draine & Lazarian
1998; Hoang et al. 2010). In this section, we model the
electric dipole emission from nanoparticles that survive
the rotational disruption, whose smallest size amin is de-
termined by the disruption mechanism (see Section 4).
Here the net abundance of nanoparticles is assumed to
be constant throughout the shock. Such an assumption is
not implausible because grain shattering (see e.g, Guillet
et al. 2011) can reproduce nanoparticles to compensate
for rotational disruption.
5.1. Emission spectrum
As introduced in Hoang & Tram (2019), the rotational
emissivity of nanoparticles weighted by H nucleon is:
jν(µ, Trot)
nH
=
∫ amax
amin
jaν (µ, Trot)
1
nH
dn
da
da, (14)
where dn/da is grain size distribution of nanoparticles
which is given by (Li & Draine 2001):
1
nH
dnj
da
=
Bj
a
exp
(
−0.5
[
log(a/a0,j)
σj
]2)
(15)
with j stands for PAHs and silicate nanoparticles. The
corresponding constant B, and the parameters a0, σ are
adopted as in Hoang & Tram (2019).
Above, jaν (µ, Trot) is the emissivity from an individual
spinning nanoparticle of size a at Trot, which is statisti-
cally determined by
jaν (µ, Trot) =
1
2
P (ω, µ)fMW (ω, Trot), (16)
where P (ω, µ) is the emission power emitted by a rotat-
ing dipole moment µ at angular velocity ω, and fMW
is the Maxwellian distribution of angular velocity of a
rotating grain at Trot. Respectively, they are given as:
P (ω, µ) =
4
9
ω4µ2
c3
(17)
fMW (ω, Trot) =
4pi
(2pi)3/2
I3/2ω2
(kTrot)3/2
exp
(
− Iω
2
2kTrot
)
(18)
with c speed of light, dipole moment µ '
9.3(β/0.4D)a
3/2
−7 D for PAH particles and µ '
8.2(β/0.4D)a
3/2
−7 D for nanosilicates. In this work,
β = 0.4D is adopted as a typical value.
Figure 9 shows an example of the emission spectrum
of spinning dust as a function of frequency computed at
several locations z in the shock as considered in Figure
7. The dashed black dashed line shows the thermal dust
emissivity from dust grains (see Hoang & Lazarian 2018).
For weak material (e.g., Smax = 10
9 erg cm−3), when the
smallest grains are remarkably suppressed by rotational
disruption, the rotational emissivity is much less than
the thermal emission, but it is dominant over thermal
dust at frequencies below ν < 100GHz at most consid-
ered shock locations (upper panel). For stronger material
(e.g., Smax = 10
10 erg cm−3), whose the smallest grains
are not or unremarkable enhanced by rotational disrup-
tion (see Fig. 8, left panel), the rotational emissivity
is much stronger and comparable with the thermal emis-
sion (lower panel). Figure 10 and Figure 11 illustrate the
same phenomena but for denser shocked medium with
nH = 10
5 cm−3 and nH = 106 cm−3, respectively.
5.2. Emission spectral flux
Assuming a spherical geometry for the shocked re-
gion, the spectral flux of spinning dust emission from
the shocked region is:
Fν =
4pi
D2
∫ zmax
zmin
z2nH(z)
(
jν
nH
)
dz, (19)
where D is the distance from observer to the shocked
region of radius equal to the shock length (see Section
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Figure 9: Rotational emission spectrum of spinning
nanoparticles for nH=10
4 cm−3, vs=30 km s−1, and
age = 103 yr computed at several positions in the shock
with Smax = 10
9 erg cm−3 (upper panel) and Smax =
1010 erg cm−3 (lower panel). Dust is considered of 90%
of PAHs and 10% of silicates. Thermal dust emissivity
is also shown for comparison (black dashed line).
2).
Figure 12 shows the spectral flux calculated with dif-
ferent shock velocities for three different CJ-shock mod-
els (see Table 1), assuming the tensile strength Smax =
109 erg cm−3. From the top to the bottom, the emission
flux is significantly decreased with increasing of density
due to both the decrease of shocked volume (see Figures
1) and the increase in the disruption size as the gas tem-
perature in higher density is hotter than in lower density
(see Section 2). From the left to the right, the emis-
sion flux is also significantly decreased due to both the
decrease of shocked volume and the increase of the ro-
tational disruption as the gas temperature in the young
CJ-shock is higher than in the older ones (see Section 2).
Furthermore, stronger shocks (i.e., higher shock velocity)
induce stronger disruption effect, thus the peak frequency
decreases due to the removal of smallest nanoparticles.
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Figure 10: Same as Figure 9 but for nH=10
5 cm−3, vs=30
km s−1, and age = 102 yr computed at several positions
in the shock with Smax = 10
9 erg cm−3 (upper panel) and
Smax = 10
10 erg cm−3 (lower panel).
The value of this peak is around ∼ 100 GHz.
Figure 13 shows the similar results but for stronger
materials. For this case, since rotational disruption is
less efficient, both the peak of the spectral flux and peak
frequency are higher than the results shown in Figure 12
for weaker materials.
6. DISCUSSION
6.1. Rotational disruption of nanoparticles in J-shocks
vs. C-shocks
In shocked regions, two popular mechanisms that are
previously known to destroy dust grains include sputter-
ing and grain-grain collisions (Jones et al. 1996). Hoang
& Tram (2019) proposed a new mechanism of destruc-
tion for very small grains (i.e., nanoparticles), so-called
rotational disruption, which appears to be the fastest
mechanism working in steady C-shock regions (see Table
2). The key points of this new mechanism are the follow-
ings: (i) the dominance of gas collisional excitation due
to high gas density in shocks makes nanoparticles rotate
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Figure 11: Same as Figure 9 but for nH=10
6 cm−3, vs=30
km s−1, and age = 10 yr computed at several positions in
the shock with Smax = 10
9 erg cm−3 (upper panel) and
Smax = 10
10 erg cm−3 (lower panel).
thermally, which corresponds to high rotation rates due
to high gas temperatures, (ii) the supersonic drift be-
tween neutrals and charged nanoparticles is then able to
spin-up charged nanoparticles to suprathermal rotation.
As a result, the centrifugal stress induced by extremely
fast rotation can exceed the maximum tensile strength of
grain materials, disrupting the nanoparticle into smaller
fragments. We also found that weak grains are efficiently
disrupted, while the strong ones are hardly destroyed.
In this paper, we extended our previous study for the
non-stationary shocks, which are driven by outflows and
young SNRs. This type of shocks is called CJ-shock
because it approximately composes of the C-type and
the J-type shocks. We found the same mechanism in
the C-shock component of the CJ-shock as reported in
Hoang & Tram (2019). Nevertheless, nanoparticles, in
the J-shock component of the CJ-shock, rotate ther-
mal/subthermally because rotational excitation cannot
overcome the rotational damping, leading to its rota-
tional temperature equal/lower than the gas tempera-
Table 2: Grain destruction in CJ-shocks
Mechanism Timescales (yr)
C-shock part
Rotational disruption 0.5a4−7n
−1
4 v
−3
drift,1Smax,10
Thermal sputtering 3.1× 103a−7n−14 T−1/23 (10−4/Ysp)
Non-thermal sputtering 2.4× 103a−7n−14 v−1drift,1(10−4/Ysp)
Grain-grain collision 76a−5n−14 v
−1
drift,1
J-shock part
Rotational disruption 24a4−7n
−1
4 T
−3/2
3 Smax,10
Thermal sputtering 3.1× 103a−7n−14 T−1/23 (10−4/Ysp)
Grain-grain collision a 76a−5n−14 v
−1
gg,1
Notes: vdrift,1 = vdrift/10km s
−1
Smax,10 = Smax/10
10 erg cm−3
T3 = Tgas/10
3 K
vgg,1 = vgg/10km s
−1
aIn spite of moving with same velocity, grain-grain collision can
occur because of turbulence. The turbulence velocity vgg is about
few km s−1
ture. However, as J-shocks can heat gas up to very high
temperatures, the grain rotational rate is thus still high
enough to disrupt the smallest nanoparticles. We demon-
strate that this process is also the most efficient mecha-
nism to disrupt nanoparticles in the J-shock component
(see Table 2). Note that spherical nanoparticles are as-
sumed and rotational excitation is only considered by
stochastic mechanical torques in this study. The effi-
ciency of the disruption mechanism for the realistic, ir-
regular shapes would be increased due to stronger me-
chanical torques (Lazarian & Hoang 2007; Hoang et al.
2018a).
6.2. Implications for mid-IR emission from shock
regions
As summarized in Table 2, rotational disruption is the
most efficient mechanism to destroy smallest nanopar-
ticles such as small PAHs (a . 1 nm) in shocks at
low velocity (i.e., v s < 50 km s
−1), whereas sputtering
is subdominant (see extended discussion in Hoang &
Tram 2019). This rotational disruption effect can ex-
plain the lack of mid-IR PAH emission in most of SNRs
(see Kaneda et al. 2011 for a review). On the other hand,
nanoparticles of size a & 1 nm can survive throughout
the shock, which might reproduce the ubiquitous mid-
IR emission features at 9µm and 21µm observed toward
SNRs (Rho et al. 2018). For instance, the authors can re-
produce these mid-IR features by emission from hot dust
Dust rotational dynamics in non-stationary shocks 13
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Figure 12: Spectral flux of spinning dust emission for nH = 10
4 cm−3 (top panel), nH = 105 cm−3 (middle panel),
and nH = 10
6 cm−3 (bottom panel). The right hand side represents for younger age. The spectral flux significantly
decreases with increasing the pre-shock density and decreasing the shocked age. Smax = 10
9 erg cm−3 is assumed, and
D = 100 pc is taken.
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Figure 13: Same as Figure 12 but for stronger materials with Smax = 10
10 erg cm−3. The spectral flux also decreases
with increasing the pre-shock density and decreasing the shock age. However, the amplitude of the spectral flux of the
strong materials is higher than of the weak materials.
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Figure 14: Peak emission flux as a function of the shock
velocity for nH = 10
4 cm−3 (top), nH = 105 cm−3 (mid-
dle), and nH = 10
6 cm−3 (bottom). Two values of shock
ages and tensile strengths are considered. The peak flux
increases rapidly with increasing vs for strong materials
(black lines).
grains of SiC and silica with size a = 10nm, respectively.
6.3. Constraining the shock velocity in dense regions
with spinning dust
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Figure 15: Peak emission frequency corresponding to
Figure 14. Peak frequency tends to increase with vs.
Similar to a previous study (Hoang & Tram 2019), we
propose a new technique to trace shocks, which uses con-
tinuum microwave emission from spinning dust beside
the popular technique, i.e., observing molecular emission
lines in outflows and young SNRs.
Figure 14 shows the maximum flux (peak flux) of spin-
ning dust emission as a function of the shock velocity
for the different shock models and tensile strengths. For
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strong grain materials, the peak flux increases rapidly
with the shock velocity due to increased drift velocity and
gas temperature (black lines). For weaker grain materi-
als, the peak flux first increases rapidly with vs and then
slowly varies for high velocities of vs > 15 − 20 km s−1
where rotational disruption occurs to remove smallest
nanopaticles (red lines). The peak flux in the older shock
is higher than in the younger shock due to dominance of
J-shock component in younger one.
Figure 15 shows the peak frequency corresponding to
peak flux as a function of the shock velocity for the dif-
ferent shock models. For strong grain materials, the
peak frequency increases with increasing shock veloc-
ity up to vs ∼ 25 km s−1 (black lines). For weaker
grain materials, the peak frequency first increases rapidly
with vs and then decreases slowly for higher velocities of
vs > 15 − 20 km s−1 due to rotational disruption (red
lines). The peak frequency of strong dust grains conse-
quently longer than of the weak ones.
We note that the peak flux decreases while the peak
frequency increases with increasing the gas density (see
Figures 14 and 15) which arises from the fact that the
shock length is narrower for higher gas density (see Fig-
ures 1). The reason for this feature is particularly obvi-
ous at low velocities of vs < 15 km s
−1 where the spectral
flux just only depends on the shock length, because the
rotational disruption is ineffective at such low shock ve-
locities.
6.4. Tracing nanoparticles in shocks with spinning dust
In shock regions, despite the fact PAHs and nanoparti-
cles are thought to be abundant (Jones et al. 1996; Guil-
let et al. 2011), there is no direct observations to support
their formation mechanism. Possibly, we show that spin-
ning dust comes out as a very strong emission in shock
regions. In comparison with thermal dust emission, the
spectral flux of spinning dust emission is dominant over
at frequencies below ∼ 100 GHz, as well as this emissivity
is several orders of magnitude higher than thermal one
when the rotational disruption is disregarded. There-
fore, we can trace nanoparticles in outflows from young
stellar objects using spinning dust. This technique can
be unique because of the lack of optical/UV-photons to
trigger mid-IR emission in dense medium, and would be
tested by future radio observations with ALMA Band
and ngVLA.
6.5. Implication for grain chemistry: rotational
desorption
Icy grain mantles play a very important role in in-
terstellar chemistry. Ice mantles catalyze chemical re-
actions at its surface, which allows for the formation of
molecules. However, how newly formed molecules are
returned to the gas from the ice mantle is not well un-
derstood. Several mechanisms have been proposed, in-
cluding evaporation/sublimation, desorption (i.e., ther-
mal, non-thermal, cosmic ray, chemical desorption), and
sputtering (see, e.g., Minissale et al. 2016 and references
therein). Here, we discuss a new mechanism that may
be important for releasing molecules in shocks termed
rotational desorption.
In shocks propagating through dense clouds, nanopar-
ticles can be spun-up to suprathermal rotation, at rates
ω & 1011 s−1 (see Figure 7). For nanoparticles made
of strong materials (Smax & 1010 erg cm−3) which can
withstand the rotational disruption, the centrifugal force
acting on a molecule can exceed its binding force to the
grain surface, resulting in the ejection of the molecule.
Note that the ejection of individual molecules assumed
here is appropriate for monolayer ices, which is plausible
for nanoparticles. For large grains, the entire mantle can
be disrupted into fragments followed by rapid evapora-
tion of molecules from the fragments if the ice mantle is
thick (Hoang & Tram 2019) or the centrifugal force can
assist the thermal sublimation via so-called ro-thermal
desorption effect (Hoang, & Duy Tung 2019).
The centrifugal force acting on a molecule of mass m
when the nanoparticle rotates with an angular velocity
ωrot is:
Fcen = mω
2
rota, (20)
where ωrot is defined in Equation (6).
The binding force of the molecule to the grain surface
is estimated as:
Fbind ∼ ∂U
∂r
∼ U
r
, (21)
where U is the binding energy between the molecule and
grain surface, and r ∼ 3A˚ is the interaction distance
between the molecule and the grain surface.
The molecule is ejected when and only when Fcen &
Fbind, which yields:
a . 7.27
(
m
mCO
)1/4(
Trot
104K
)1/4(
U
300 K
)−1/4
(A˚).(22)
The rotational temperature Trot varies with grain ra-
dius and its location in the shock. It is also different in
the C-shock or J-shock component (see Fig. 6). Regard-
less of all these details, however, the average value of Trot
is order of 104 K. The value of the binding energy U of
several molecules with an icy grain surface is listed in
Table 3. Adopting all these quantities, we can estimate
the critical grain size of which molecules can be desorbed
due to centrifugal force. The results are shown in Table
3. For instance, the centrifugal force on a nanoparticle of
size a ≤ 3.31A˚ can be large enough to eject H2, or that
of size a ≤ 5.21A˚ for N2.
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Table 3: Critical grain size of rotational desorption for
some molecules (Minissale et al. 2016).
Molecules Uice (K) acritical (A˚)
H2 500 3.31
OH 4600 3.24
H2O 4800 3.25
CO 1300 5.04
CO2 2300 4.89
CH3O 3700 3.98
CH3OH 3700 4.01
N2 1140 5.21
6.6. Effects of charge fluctuations on grain rotation in
CJ-shocks
In the present paper, we have assumed that dust grains
in the shock can be statistically described by two pop-
ulations of neutral and charged grains as in Hoang &
Tram (2019). The neutral grains only experience rota-
tional excitation by thermal collisions with the neutral
gas, whereas the latter charged grains coupled to the
magnetic field can experience excitation by supersonic
drift of neutral atoms. The damping and excitation coef-
ficients are then averaged by multiplying with the charge
distribution f(Z) that varies with the grain location in
the shock (see Equations 4 and 5). Note that a detailed
treatment of grain rotational dynamics should take into
the effect of charge fluctuations of grains in the shock, as
previously studied by Guillet et al. (2007) for the trans-
lational dynamics. Therefore, we now consider to what
extent our assumption can hold and the impact of charge
fluctuations on our obtained results.
Let τ0 be the charging time, which is equivalent to
the timescale on which the grain stays in the neutral
charge state before being attached by an electron or an
ion. When the shock speed is much larger than the
sound speed (i.e, the March number M  1), one has
Te/me ≈ Ti/mi where Te and Ti are electron and ion
temperatures, which implies that electrons and ions move
at the same speed (Vink et al. 2015). For a neutral grain,
the Coulomb effect is absent, and the neutral-timescale
can be roughly estimated as follows (see Draine & Sutin
1987):
τ0' 1
2× sen(e)pia2 (8kBTe/pime)1/2
(23)
'2.3× a−2−7
(
Te
5× 103 K
)−1/2 [
x(e)
10−6
]−1 ( nH
104 cm−3
)−1
yr
where the sticking coefficient of electrons se = 0.5 is as-
sumed (see Weingartner & Draine 2001; Guillet et al.
2007), x(e) = n(e)/nH is the abundance of electrons.
Note that Te > Tn (see Flower et al. 1996; Lesaffre et al.
2004a).
The gas drag timescale is defined as the time required
for the grain to loose its momentum, which is essentially
the same as the time required to collide with the gas of
the same grain mass. For completely inelastic gas-neutral
grain collisions, the gas drag time is equal to
τdrag' mgrain
1.3×mHnHpia2vdrift =
ρ(4pia3/3)
1.3×mHnHpia2vdrift(24)
'0.22× a−7
( nH
104 cm−3
)−1 ( vdrift
20 km s−1
)−1
yr.
From Equation 23 and Equation 24, one can derive the
grain size at which τ0 = τdrag as follows
a0 = 2.2×
(
Te
5× 103 K
)−1/6 [
x(e)
10−6
]−1/3
(25)
×
( vdrift
20 km s−1
)1/3
nm.
Therefore, for very small grains of size a < a0 with
τ0 > τdrag, the charge states of dust grains hardly change
before they are stopped by the gas drag force. For this
regime, the average of the rotational damping and exci-
tation coefficients (F and G) over the charge distribu-
tion f(Z) are valid. For larger grains of a > a0 with
τ0 < τdrag, on contrary, the charge state of grains change
rapidly. In this regime, the grains with initially neu-
tral charge state quickly become charged and then cou-
pled to ions. Therefore, our assumption of two neutral
and charged populations become inapplicable. Practi-
cally, our calculations show that f(Z = 0) is rather small
for a > 2nm ∼ a0, such that the F and G coefficients
computed with Equations (4) and (5) and consequently
Trot/Tn (Figure 6) become nearly flat for a > a0. More-
over, the disruption sizes that we obtained with this ap-
proach is mostly below ∼ 2 nm (see, e.g., Figure 8). As
a result, we expect that switching from our two separate
neutral and charged grain populations to the one grain
population (i.e., neutral and charged grains are coupled)
for a > a0 would not considerably change our final results
on adisr and then spinning dust emissivity.
7. SUMMARY
We study rotational dynamics of nanoparticles in non-
stationary shocks (namely CJ-shock) driven by outflows
and supernova remnants in dense molecular clouds. Our
principal results are summarized as follows:
1 For the first time, we study the rotation dynamics
of dust grains in CJ-shocks driven by outflows from
young stars and by young supernova remnants in
dense clouds, which consist of the C-shock and J-
shock components. In the C-shock part, nanopar-
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ticles can be rapidly spun-up to suprathermal ro-
tation due to supersonic drift of neutral relative
to charged nanoparticles. In contrast, in the J-
shock part, nanoparticles subthermally rotate due
to the lack of supersonic drift between neutral and
charged grains.
2 We show that, in both C-shock and J-shock compo-
nents, smallest nanoparticles (a < 1 nm) of weak
materials (tensile strength Smax . 109 erg cm−3)
can be disrupted by centrifugal stress due to ex-
tremely fast rotation, which is caused by suprather-
mal rotation in the C-shock part and thermal rota-
tion with enhanced gas temperatures in the J-shock
part, respectively. However, strong materials (e.g.,
nanodiamonds) can withstand the rotational dis-
ruption in CJ-shocks of velocity vs ≤ 30 km s−1.
3 We compare the timescale of rotational disruption
with other destruction mechanisms in CJ-shocks
and find that rotational disruption is the most ef-
ficient mechanism. Hence, the minimum size of
nanoparticles should be constrained by the rota-
tional disruption rather than by thermal sputter-
ing. This rotational mechanism might play an im-
portant role in dust destruction in shock regions.
4 We model the microwave emission from spinning
nanoparticles in CJ-shocks where their minimum
size is determined by the rotational disruption. In
the absence of rotational disruption, the peak fre-
quency and emissivity are found to increase with
increasing the shock velocity. In the presence of ro-
tational disruption, the peak frequencies decrease
with the shock velocity because of removal of small-
est nanoparticles.
5 We find a new way to eject molecules from sur-
face of strong nanoparticles that can withstand ro-
tational disruption, so-called rotational desorption,
which is based on centrifugal force within extremely
fast rotating nanoparticles in CJ-shocks.
6 We propose that spinning dust emission could be
a new technique to probe nanoparticles and shock
velocities in outflows and supernova remnants.
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